The extensive modification of histone H 1 from calf thymus with the amino-group reagent dimethylmaleic anhydride (over 35 lysine residues modified per molecule) produces no effect on its secondary structure detectable by circular dichroism (far UV). Fluorescence and circular dichroism (near-UV) of the modified histone show variations in the local environment of its sole tyrosine residue. These changes are reversed on regeneration of the modified amino groups. While histone H 1 is easily dissociated with this reagent from calf thymus or chicken erythrocyte chromatin, a much stronger treatment is needed to liberate histone H5 from erythrocyte chromatin. This difference appears to be related to the higher arginine content of histone H5.
Introduction
Modification of protein amino groups with the acylating reagent dimethylmaleic anhydride introduces, for each modified amino group, a residue that is negatively charged at pH values higher than 5 (17) . When protein-containing particles are treated with this reagent, the extensive modification of amino groups can be accompanied by dissociation from the particles of individual proteins (17) . Since the modified amino groups can be regenerated under gentle conditions (7, 19) , this reagent has been used to dissociate protein-containing structures in a reversible way (11, 12, 20, 21, 23) . Therefore, it was interesting to determine the structural effects produced by this reagent on a protein rich in lysine residues, such as histone HI.
Histone H1 is associated to the DNA stretch that links adjacent nucleosome cores, and seems to play an important role in the condensation of chromatin to form higher-order structures (16, 22) . This protein has a molecular weight of 22 000 and a very high lysine content (over 25% of all amino acid components are lysine residues) (24) . Three differMolec. Biol. Rep. I0, 147-151 (1985) . 9 Dr W. Junk Publishers, Dordrecht. Printed in the Netherlands. ent domains can be distinguished in the molecule (8): a globular central region of approximately 80 residues, and the amino-terminal and carboxy-terminal portions, which show no fixed structure in solution, although their interaction with the globular domain appears to modulate its precise tertiary structure (3) . Histone H5, a variant of H 1, is specific of certain vertebrate erythrocytes. Both proteins are structurally and functionally related (24, 26) .
The present work studies the structural changes produced by modification with dimethylmaleic anhydride of histone H 1, and the effect of modification on the binding to chromatin of the two homologous histones H1 and H5, which have a different composition in basic amino acids.
Materials and methods

Preparation, modification and regeneration of histone HI
Histone HI from calf thymus was purified as previously described (9, 10) . Histone concentration was determined spectrophotometrically by measuring absorbance at 205 and 210 nm (4) . Histone H1 (3-6 mg/ml), in 0.3 M NaC1 and 50 mM phosphate buffer (pH 8.7), was treated with dimethylmaleic anhydride (2 mg reagent/mg protein) at room temperature. The reagent was added as a dioxane solution (300 mg reagent/ml). The pH was maintained constant by addition of 5 M NaOH with a pH-stat assembly (Radiometer, Copenhagen). The reaction was complete in less than I h, at which time the pH was already stabilized even at the highest concentration of reagent used. After treatment, the preparation was dialyzed overnight at 2-4~ against the above mentioned buffer solution, to eliminate the hydrolyzed reagent. To determine the degree of modification, the modified preparation of histone HI was dialyzed against 50 mM NazCO3/ NaHCO 3 buffer (pH 9.5), and the number of free amino groups was evaluated with 2,4,6-trinitrobenzenesulfonic acid (TNBS) as described previously (19) . In order to regenerate the modified amino groups, the pH of the preparation was adjusted to 6.0 by addition of diluted HCI, and the preparation was maintained at 2-4 ~ C for 24 h. After regeneration, the histone HI solution was dialyzed overnight at 2-4 ~ C against the NaCl-phosphate solution at pH 8.7.
Circular dichroism and fluorescence of histone H1
Circular dichroism spectra were obtained with a Mark III dicrograph (Jobin-Yvon). Cells with optical paths of 0.05 cm (far UV) and I cm (near UV) were used, the instrument being adjusted to sensitivities of 5 X 10 6 A A mm I (far UV) and 1X 10 6 A A mm j (near UV). Fluorescence studies were performed with a spectrofluorometer RRS-1000 (Schoeffel Instruments). Fluorescence emission was measured at a right angle. The entrance slit was adjusted to 2.0 nm and that of exit to 1.0 nm. The analog electric outputs from both the wavelength drive and the photomultiplier were digitized with an A/D converter HP 43710A and stored in a computer HP 9815A, interfaced with a 98135 HP-IB unit. To obtain emission spectra, the voltage of the emission photomultiplier (Q 4283B 520) was adjusted to 1060 V. The scanning speed was 100 nm/min.
Chromatin preparation, modification with dimethylmaleic anhydride, and identification of the released histones
Chromatin was obtained from calf thymus and chicken erythrocytes as indicated elsewhere (13) . Chromatin (0.25 mg DNA/ml), in 10 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid (K +) (pH 8.2), 5 mM EDTA and 0.1 mM phenylmethylsulfonyl fluoride (PMSF), was treated with the desired amount of reagent as indicated for histone H 1. The hydrolyzed reagent was eliminated by overnight dialysis at 2-4 ~ C against 10 mM Tris-HC1 (pH 8.2), 5 mM EDTA and 0.1 mM PMSF. After dialysis, the preparation was centrifuged for 30 min at 2 ~ C and 40 000 rpm in a SW50 rotor to separate unsoluble chromatin. The supernatant was centrifuged under the same conditions for another 17 h to separate the released fraction from the sediment containing the residual chromatin. Samples were dialyzed against 0.5% acetic acid and iyophilized prior to electrophoresis, which was conducted on polyacrylamide gels prepared from 15% acrylamide and containing 0.1% sodium dodecyl sulfate (15). Histones in the gels were stained with a solution containing 0.05% Coomasie Blue, 0.5% (v/v) acetic acid and 10% (v/v) ethanol. Densitometric analysis of the electrophoretic patterns was performed with an Optronic digital densitometer connected to a PDPI 1/45 computer.
Results and discussion
Treatment with dimethylmaleic anhydride of histone H 1 from calf thymus is accompanied by extensive modification of its amino groups. Determination with TNBS of the amino groups present in the protein after the reagent treatment shows that 82% of all amino groups are modified (19) , which corresponds to 17% of the total amino acid residues in the molecule. This high degree of modification is a consequence of the large lysine content of histone HI (more than 25% of all amino acid residues are lysines) (24) , and of the accessibility of these residues to the reagent.
Modification with dimethylmaleic anhydride produces no detectable effect on the circular dichroism spectrum of histone H1 in the far-UV region (Fig. 1A) , which indicates that modification causes no substantial alteration in secondary structure. This stability of the secondary structure appears to be the result of the preferential location of lysine residues at the unstructured tails of the molecule. However, the globular region, although not as rich in lysines as the amino-and carboxy-terminal portions, has a lysine content of 14.5% (4), which is high as compared with normal globular proteins. Therefore, the observed results suggest that modification of globular proteins with this reagent is accompanied by little disruption of the secondary structure.
In the near-UV region, the circular dichroism spectrum of the modified histone is qualitatively similar to that of the native protein (Fig. 1B) . The decrease in absolute value of the negative ellipticity on modification indicates a loss ofanisotropy of the sole tyrosine residue. The quantitative changes observed are practically eliminated upon regeneration of amino groups at acid pH. The recovery of the optical anisotropy at 283 nm on regeneration at pH 6.0 and room temperature was measured with time. This process follows first-order kinetics, with a determined value for the corresponding kinetic constant of 1.5 X 10 3 s l, which is of the same order of magnitude as the rate constant for the regeneration of the modified amino groups (2.7 X 10 3 s-I for dimethylmaleic anhydride-modified chicken ovalbumin, determined at pH 6.0 and 20 ~ C) (19) .
The modified histone shows a change in fluorescence emission (Fig. 2) . The wavelength of maximal emission is not affected by modification. However, quenching is produced, which reaches 42% at the wavelength of maximal emission. Regeneration of the modified amino groups at acid pH brings about a complete recovery of the original spectrum. The excitation maximum of the modified preparation is the same (280 nm) as that of the native histone, and does not depend on the wavelength at which emission is observed. The quenching of fluorescence emission and the change in the near-UV spectrum are consistent with a change in the local environment of the tyrosine residue.
Treatment with dimethylmaleic anhydride of calf thymus chromatin is accompanied by release of histones HI, H2A and H2B (Fig. 3) , HI being the one most easily dissociated. Dissociation of H2A and H2B from chromatin and nueleosomes is discussed elsewhere (11) (12) (13) . As shown by the results already described, modification of histone H 1 appears to take place in the absence of extensive structural changes. Therefore, the dissociation from chromatin of this histone is most likely produced by the drastic change in the electrostatic interactions which maintain H1 bound to chromatin, rather than by an extensive structural change of the protein. Histone H 1 is also easily released from chicken erythrocyte chromatin on dimethylmaleic anhydride treatment, while the homologous histone H5 is more resistant to dissociation than H2A and H2B. This difference between H I and H5 appears to be related to their different amino acid composition. Both proteins have a high lysine content, but while H1 has very few arginines (2 per molecule), H5 has a large number (22 per molecule) (26) . Since arginine residues are known to interact strongly with phosphate groups (6, 25) , a larger level of lysine modification would be required in the case of histone H5 to overcome the attractive forces due to arginine. Our results are in agreement with the higher affinity of H5 for DNA shown previously (2, 14, 18) . This property of histone H5 appears to be of functional significance, since accumulation of this histone in chromatin is thought to be correlated with the chromatin condensation and transcriptional inactivation observed in mature erythrocyte cells (1,5). Because of the interacting properties of arginine with phosphate groups, this residue might be used whenever strong binding of a protein with DNA or RNA is required, while lysine residues would be employed to afford a more flexible binding.
